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Abstract: Methicillin-resistant Staphylococcus aureus (MRSA) sequence type (ST)398 is a livestock
associated (LA) lineage with zoonotic potential, especially in humans with live pig contact.
The objective of this study was to characterize two S. aureus strains of lineage ST398 (one
methicillin-resistant (MRSA), one methicillin-susceptible (MSSA)) isolated from the same nasal sample
of a patient admitted in the Intensive-Care Unit of a Spanish Hospital, and with previous occupational
exposure to live pigs, by whole-genome-sequencing (WGS). The sample was obtained during routine
surveillance for MRSA colonization. Purified genomic DNA was sequenced using Illumina HiSeq
2000 and processed using conventional bioinformatics software. The two isolates recovered were both
S. aureus t011/ST398 and showed similar resistance-phenotypes, other than methicillin susceptibility.
The possession of antibiotic resistance genes was the same, except for the mecA-gene located in
SCCmecV in the MRSA isolate. The MSSA isolate harbored remnants of a SCCmec following the
deletion of 17342bp from a recombination between two putative primases. Both isolates belonged
to the livestock-associated clade as defined by three canonical single-nucleotide-polymorphisms,
and neither possessed the human immune evasion cluster genes, chp, scn, or sak. The core genome
alignment showed a similarity of 99.6%, and both isolates harbored the same mobile genetic elements.
The two nasal ST398 isolates recovered from the patient with previous occupational exposure to pigs
appeared to have a livestock origin and could represent different evolutionary steps of animal-human
interface lineage. The MSSA strain was formed as a result of the loss of the mecA gene from the
livestock-associated-MRSA lineage.
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1. Introduction
Methicillin-resistant Staphylococcus aureus (MRSA) belonging to the sequence type (ST)398 is a
livestock-associated (LA) lineage [1] found in people and animals, demonstrating little host species
specificity. People having contact with farm animals or living close to a farm are at higher risk for
carriage of this opportunistic pathogen. Phylogenetic studies showed that this MRSA ST398 probably
originated as a methicillin-susceptible S. aureus (MSSA) lineage found in humans, which subsequently
spread to animals, where it acquired methicillin resistance [2]. Human and animal ST398 strains
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belonging to human and livestock clades, respectively, can be discriminated using three canonical
single-nucleotide polymorphisms (SNPs) [3]. The carriage of an animal lineage ST398 MRSA by a
human subject is likely to have resulted from zoonotic transmission, either directly or indirectly. This
lineage now seems to ready colonize both people and livestock, and represents a significant proportion
of human MRSA isolates in regions with a high density of pig farms.
During routine hospital surveillance to detect S. aureus and MRSA colonization in the
Intensive-Care Unit (ICU) of a Spanish Hospital, a nasal sample of a noninfectious disease patient,
who worked as a truck driver transporting live pigs, was cultured. Two S. aureus ST398 strains were
detected with identical pulsed-field gel electrophoresis profiles and similar phenotypic characteristics,
other than one being methicillin-susceptible and one being methicillin-resistant. The aim of this study
was to investigate the phylogeny and the genetic differences between these two isolates.
2. Results and Discussion
2.1. Identification of the Isolates, Molecular Typing, and Antibiotic Resistance Phenotype
The two isolates recovered from the nasal sample of the pig truck driver were confirmed as S. aureus,
one MRSA (strain C6828) and the other MSSA (strain C6829). Both strains were typed as ST398/spa-type
t011/ and were tetracycline-, clindamycin-, gentamicin-, tobramycin-, and kanamycin-resistant.
2.2. Whole Genome Sequencing Results
The sequence data from C6828 and C6829 assembled to 68 and 52 contigs from a yield of 2.85 GBp
and 2.83 GBp, respectively, had a coverage of approximately 100-fold. Multilocus sequence typing of
the resulting assembly confirmed them to be ST398 and was used to identify the livestock-associated
lineage canonical SNPs. The genome data were placed in the European nucleotide archive (http:
//www.ebi.ac.uk/ena) under accession numbers ERS659527 and ERS659528.
2.3. Virulence and Antimicrobial Resistance Genotype
The two strains carried the following antimicrobial resistance genes: blaZ, tet(M), norA, lnu(B),
dfrK, aadE, aac(6′)-aph(2′′), and aadD. The gene mecA was only detected in MRSA strain C6828, and
tet(L) was found in the two strains. In strain C6828, only 902 of 1377 nucleotides (66%) were present. It
is important to note that the tet(M) gene is strongly linked with livestock-associated ST398 lineage,
and that neither strain possessed genes from the immune evasion cluster such as the scn, chp, or sak
genes, which are considered as human host genetic markers [2,3]. Resistance against lincosamides,
aminoglycosides, and trimethoprim seems to be a frequent finding in the livestock lineage, and
fluoroquinolone-resistance has also been described [1]. Lastly, according to the three canonical SNPs
described by Stegger et al., these strains belonged to the livestock clade. The results indicate that,
despite the fact that both strains were recovered from the same patient, they seem to be from a livestock
origin, but C6829 has lost some characteristics, notably the presence of mecA gene.
The detection of virulence genes showed that both strains harbored the same content: hlb
(β-hemolysin), hlgAB and hlgCB (γ-hemolysins), and aur (aureolysin), which were encoded in the core
genome of S. aureus.
2.4. Comparison between Both Strains
The pan-genome study showed a 99.6% similarity in core genome alignment between the strains
and 2615 genes were common to both isolates. It has been reported that the core genome is largely
preserved within the same lineage [4]. Otherwise, 20 insertions-deletions (indels, all in frame) and 134
SNPs from CDS (43 of them nonsynonymous) were also detected in the alignment (see Supplementary
Table S1). Differences in clfB and sdrD were also found. The protein product of clfB gene (ClfB) is
an adhesion factor which plays an important role in the colonization of nasal epithelium and has
been proposed as a marker of microvariation [5]. The protein product of sdrD gene (serine-aspartate
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repeat-containing protein D), as well as ClfB, are involved in the adhesion to the extracellular matrix
of the host [6]. In our strains, MSSA C6829 presented 24 additional Ser-Asp repetitions compared to
MRSA C6828.
On the other hand, 40 genes were unique to one or the other isolate, 11 in C6829, and 29 in C6828
(see Supplementary Table S2). The MSSA strain harbored a sdrE gene that was not present in the
MRSA strain, the product of which binds to the complement regulator factor H, avoiding the host
defenses [7]. Despite the fact that no single gene has been described as essential for the colonization of
humans or pigs, the distribution of mobile genetic elements (MGE) is variable and may be important
in adaptation to different environments [4]. Figure 1 shows the comparison between both strains using
the reference genome SO385, revealing that the strains were nearly identical, except for the differences
associated with the mecA and adjacent genes (present only in C6828), which was included in the MGE
staphylococcal cassette chromosome mec (SCCmec). The pan-genome study revealed that 18 of the 40
genes, which were present in one strain and not in the other (and vice versa), belonged to SCCmec (see
Supplementary Table S2).
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Figure 1. Circular comparison of C6828 (MRSA) and C6829 (MSSA) genomes using SO385 as reference.
The green ring represents the C6829 strain and the red ring C6828. The position of mecA gene in C6828
is indicated by blue line. % GC content and GC Skew are represented in innermost circles (colors
indicated in the coded legend).
Both strains aligned partially with SCCmecV (5C2&5)c and differed only in a gap of 17342bp,
present in the C6829 strain, because of a putative primase recombination (Figure 2). The presence of
SCCmec remnants has been previously described in S. aureus CC398 isolates of humans and animals [8,9],
as well as in human isolates of other lineages [10,11], suggesting potential evolutionary and adaptive
steps. Moreover, the mecA gene can be lost during the storage process [12]. The conversion from MRSA
to MSSA has been reported as a result of a recombination event between ccrC genes [8,9]. In addition, it
has been described that IS431 elements could be involved in the deletion of SCCmec fragments in MRSA
isolates, in parallel to the acquisition of a vancomycin-intermediate-resistance phenotype [10,13].
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In regard to the other MGEs, the same content was found in both strains. Examination of the
phage content resulted in the identification of two intact and two defective prophages in each strain.
One of these intact prophages showed similarity with StauST398-3, and the other with phiSA2. The
plasmid rep genes rep22 and rep21 were present and associated with repB (pUB110) and pSO385-3,
respectively. Two potential pathogenic islands, νSaα and νSaγ, were found. The phylogenetic context
of the two strains among previously sequenced ST398 isolates is presented in Supplementary Figure
S1, which shows that the isolates are very closely related to the other European isolates in the livestock
lineage clade and both strains cluster together.
It is also of interest that, while the mecA gene is known to result in a fitness cost [14], both
strains appeared to coexist within the same human host without the MSSA version outcompeting its
MRSA counterpart.
3. Materials and Methods
3.1. Sample Collection, Isolation and Identification
A nasal swab was taken from a male patient who was admitted at the ICU of a Spanish hospital
as a result of cardiac disease with no evidence of infectious disease in 2014. This patient had regular
contact with livestock through his work as the driver of a truck transporting pigs. The sample was
inoculated onto blood agar (5% sheep blood), colistin nalidixic agar, and Brillance MRSA agar (Oxoid,
Basingstoke, UK) plates, and then incubated at 35 ◦C for 24 h. During the screening process, it was
noticed that colonies with two distinctly different S. aureus morphologies grew on both blood agar
and colistin nalidixic agar plates. These differences were related to the expression of beta-hemolysis.
Representative colonies with these two morphologies were recovered from blood agar plates (detected
approximately in a proportion 1:1), and the species confirmed by amplification of the species-specific
nuc gene [15].
3.2. Molecular Typing and Antimicrobial Susceptibility Testing
The two recovered S. aureus isolates were characterized by spa-typing (www.ridom.com) and by
multilocus-sequence-typing (MLST) to determine the sequence type (ST) (www.mlst.net). Pulsed-field
gel electrophoresis was performed according to a previously described protocol [16].
Antimicrobial susceptibility to penicillin, cefoxitin, tetracycline, erythromycin, clindamycin,
gentamicin, kanamycin, tobramycin, streptomycin, trimethoprim/sulfamethoxazole, mupirocin, and
fusidic acid was performed using the disk-diffusion method (Version 5.0., http://www.eucast.org).
3.3. Whole Genome Sequencing and Analysis of Sequences
Purified whole genomic DNA was obtained using the MasterPureTM DNA Purification Gram
Positive kit (Cambio, Cambridge UK), and Illumina Library preparation was performed according to
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methods previously described [17]. The genomes were sequenced on an Illumina HiSeq 2000 platform
at the Welcome Trust Sanger Institute, Cambridge, UK, using 125-bp paired-end sequencing. De novo
assembly and initial annotation was carried out using the bioinformatic pipelines available at the
Welcome Trust Sanger Institute [18]. The reordering of the contigs was performed by alignment against
the SO385 genome (GenBank accession number: AM990992) using Mauve v2.4.0 [19].
Predicted coding sequences (CDS) were identified and annotated automatically using RAST (Rapid
Annotations using Subsystems Technology) [20] and manually with Artemis [21]. The common and
unique genes of the two genomes were identified using Roary v3.7.1 [22]. BLAST-Ring-Image-Generator
(BRIG) [23] was employed to compare the two genomes visually (using SO385 as the reference genome).
The resistance and virulence genotypes, as well as the presence of rep genes, were identified using
ResFinder v2.1 [24], VirulenceFinder v1.5 [25], and PlasmidFinder v1.3 [26], respectively. Local
BLAST was performed to find Pathogenicity Islands according with the Pathogenicity Island Database
(PAIDB, http://www.paidb.re.kr). PHAge Search Tool was run to determine the presence of prophage
sequences [27].
3.4. Phylogenetic Analysis
In order to understand how strains C6828 and C6829 clustered among a collection of 89
previously sequenced ST398 S. aureus strains, a SNP-based maximum likelihood phylogenetic tree
was reconstructed using RAxML v8.2.10 [28]. Briefly, FastQ files from the study isolates, the 89
previously published ST398 isolates, and MRSA252 (used here as the outgroup) were mapped against
the SO385 reference genome using SMALT (http://www.sanger.ac.uk/resources/software/smalt/) to
identify SNPs, which were then used to generate the phylogenetic tree. RAxML implemented a GTR
Gamma substitution model and rapid bootstrapping.
4. Conclusions
The comparison of the two S. aureus ST398-t011 strains recovered from a patient with professional
contact with pigs, demonstrates a spontaneous genomic event in the evolution of this wild-type
LA-ST398 isolate. It provides valuable information helping our understanding the evolution of this
microorganism that exists in the animal-human interface.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/5/401/s1,
Figure S1: Phylogenetic tree showing the two strains sequenced in this study (C6828 and C6829, highlighted with
red quadrangle) in the context of previously sequenced ST398 isolates. Table S1: Single nucleotide polymorphisms
(SNPs) and insertions or deletions (INDELs) in the core genome alignment of C6828 (MRSA) and C6829 (MSSA)
isolates. Table S2: Unique genes in MRSA (C6828) and unique genes in MSSA (C6829) isolates with coverage and
identity compared to the same features in the SO385 genome indicated.
Author Contributions: C.T. and M.A.H. conceived and designed the study; C.A. and D.B. performed the initial
sampling procedure and the initial characterization of isolates; P.G. performed laboratory work; P.G., N.F.H., M.Z.,
C.T. and M.H. interpreted the results and contributed to producing the first draft of the manuscript. All authors
have read and agree to the published version of the manuscript.
Funding: The work performed in the University of La Rioja was financed by project SAF2016-76571-R of the
Agencia Estatal de Investigación (AEI) of Spain and the Fondo Europeo de Desarrollo Regional (FEDER) of EU. Work
in Cambridge was supported by a UK-China AMR Partnership Initiative (MR/P007201/1) held by the Department
of Veterinary Medicine, University of Cambridge (M.A.H.). The APC was funded by project SAF2016-76571-R.
Acknowledgments: P.G. had a pre-doctoral FPI fellowship from the Universidad de La Rioja (Spain) during the
experimental work of this study.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Vanderhaeghen, W.; Hermans, K.; Haesebrouck, F.; Butaye, P. Methicillin-resistant Staphylococcus aureus
(MRSA) in food production animals. Epidemiol. Infect. 2010, 138, 606–625. [CrossRef] [PubMed]
Pathogens 2020, 9, 401 6 of 7
2. Price, L.B.; Stegger, M.; Hasman, H.; Aziz, M.; Larsen, J.; Andersen, P.S.; Pearson, T.; Waters, A.E.; Foster, J.T.;
Schupp, J.; et al. Staphylococcus aureus CC398: Host adaptation and emergence of methicillin resistance in
livestock. mBio 2012, 3, e00305-11. [CrossRef] [PubMed]
3. Stegger, M.; Liu, C.M.; Larsen, J.; Soldanova, K.; Aziz, M.; Contente-Cuomo, T.; Petersen, A.;
Vandendriessche, S.; Jiménez, J.N.; Mammina, C.; et al. Rapid Differentiation between Livestock-Associated
and Livestock-Independent Staphylococcus aureus CC398 Clades. PLoS ONE 2013, 8, e79645. [CrossRef]
[PubMed]
4. McCarthy, A.J.; Witney, A.A.; Gould, K.A.; Moodley, A.; Guardabassi, L.; Voss, A.; Denis, O.; Broens, E.M.;
Hinds, J.; Lindsay, J.A. The distribution of mobile genetic elements (MGEs) in MRSA CC398 is associated
with both host and country. Genome Biol. Evol. 2011, 3, 1164–1174. [CrossRef]
5. Koreen, L.; Ramaswamy, S.V.; Naidich, S.; Koreen, I.V.; Graff, G.R.; Graviss, E.A.; Kreiswirth, B.N. Comparative
sequencing of the serine-aspartate repeat-encoding region of the clumping factor B gene (clfB) for resolution
within clonal groups of Staphylococcus aureus. J. Clin. Microbiol. 2005, 43, 3985–3994. [CrossRef]
6. Sabat, A.; Melles, D.C.; Martirosian, G.; Grundmann, H.; van Belkum, A.; Hryniewicz, W. Distribution of the
Serine-Aspartate Repeat Protein-Encoding sdr Genes among Nasal-Carriage and Invasive Staphylococcus
aureus Strains. J. Clin. Microbiol. 2006, 44, 1135–1138. [CrossRef]
7. Sharp, J.A.; Echague, C.G.; Hair, P.S.; Ward, M.D.; Nyalwidhe, J.O.; Geoghegan, J.A.; Foster, T.J.; Cunnion, K.M.
Staphylococcus aureus surface protein SdrE binds complement regulator factor H as an immune evasion tactic.
PLoS ONE 2012, 7, e38407. [CrossRef]
8. Chlebowicz, M.A.; Nganou, K.; Kozytska, S.; Arends, J.P.; Engelmann, S.; Grundmann, H.; Ohlsen, K.;
van Dijl, J.M.; Buist, G. Recombination between ccrC genes in a type V (5C2&5) staphylococcal cassette
chromosome mec (SCCmec) of Staphylococcus aureus ST398 leads to conversion from methicillin resistance to
methicillin susceptibility in vivo. Antimicrob. Agents Chemother. 2010, 54, 783–791.
9. Vandendriessche, S.; Vanderhaeghen, W.; Larsen, J.; de Mendonça, R.; Hallin, M.; Butaye, P.; Hermans, K.;
Haesebrouck, F.; Denis, O. High genetic diversity of methicillin-susceptible Staphylococcus aureus (MSSA)
from humans and animals on livestock farms and presence of SCCmec remnant DNA in MSSA CC398.
J. Antimicrob. Chemother. 2014, 69, 355–362. [CrossRef]
10. Noto, M.J.; Fox, P.M.; Archer, G.L. Spontaneous deletion of the methicillin resistance determinant, mecA,
partially compensates for the fitness cost associated with high-level vancomycin resistance in Staphylococcus
aureus. J. Antimicrob. Chemother. 2008, 52, 1221–1229. [CrossRef]
11. Shore, A.C.; Rossney, A.S.; O’Connell, B.; Herra, C.M.; Sullivan, D.J.; Humphreys, H.; Coleman, D.C.
Detection of staphylococcal cassette chromosome mec-associated DNA segments in multiresistant
methicillin-susceptible Staphylococcus aureus (MSSA) and identification of Staphylococcus epidermidis ccrAB4 in
both methicillin-resistant S. aureus and MSSA. Antimicrob. Agents Chemother. 2008, 52, 4407–4419. [CrossRef]
[PubMed]
12. Van Griethuysen, A.; van Loo, I.; van Belkum, A.; Vandenbroucke-Grauls, C.; Wannet, W.; van Keulen, P.;
Kluytmans, J. Loss of the mecA gene during storage of methicillin-resistant Staphylococcus aureus strains.
J. Clin. Microbiol. 2005, 43, 1361–1365. [CrossRef] [PubMed]
13. Wang, A.; Zhou, K.; Liu, Y.; Yang, L.; Zhang, Q.; Guan, J.; Zhong, N.; Zhuo, C. A potential role of transposon
IS431 in the loss of mecA gene. Sci. Rep. 2017, 7, 41237. [CrossRef] [PubMed]
14. Nielsen, K.L.; Pedersen, T.M.; Udekwu, K.I.; Petersen, A.; Skov, R.L.; Hansen, L.H.; Hughes, D.;
Frimodt-Møller, N. Fitness cost: A bacteriological explanation for the demise of the first international
methicillin-resistant Staphylococcus aureus epidemic. J. Antimicrob. Chemother. 2012, 67, 1325–1332. [CrossRef]
15. Sasaki, T.; Tsubakishita, S.; Tanaka, Y.; Sakusabe, A.; Ohtsuka, M.; Hirotaki, S.; Kawakami, T.; Fukata, T.;
Hiramatsu, K. Multiplex-PCR method for species identification of coagulase-positive staphylococci. J. Clin.
Microbiol. 2010, 48, 765–769. [CrossRef]
16. Argudín, M.A.; Fetsch, A.; Tenhagen, B.A.; Hammerl, J.A.; Hertwig, S.; Kowall, J.; Rodicio, M.R.; Käsbohrer, A.;
Helmuth, R.; Schroeter, A.; et al. High heterogeneity within methicillin-resistant Staphylococcus aureus ST398
isolates, defined by Cfr9I macrorestriction-pulsed-field gel electrophoresis profiles and spa and SCCmec
types. Appl. Environ. Microbiol. 2010, 76, 652–658. [CrossRef]
17. Quail, M.A.; Kozarewa, I.; Smith, F.; Scally, A.; Stephens, P.J.; Durbin, R.; Swerdlow, H.; Turner, D.J. A
large genome center’s improvements to the Illumina sequencing system. Nat. Methods. 2008, 5, 1005–1010.
[CrossRef]
Pathogens 2020, 9, 401 7 of 7
18. Page, A.J.; De Silva, N.; Hunt, M.; Quail, M.A.; Parkhill, J.; Harris, S.R.; Otto, T.D.; Keane, J.A. Robust
high-throughput prokaryote de novo assembly and improvement pipeline for Illumina data. Microb. Genom.
2016, 2, e000083. [CrossRef]
19. Rissman, A.I.; Mau, B.; Biehl, B.S.; Darling, A.E.; Glasner, J.D.; Perna, N.T. Reordering contigs of draft
genomes using the Mauve Aligner. Bioinformatics 2009, 25, 2071–2073. [CrossRef]
20. Aziz, R.K.; Bartels, D.; Best, A.A.; DeJongh, M.; Disz, T.; Edwards, R.A.; Formsma, K.; Gerdes, S.; Glass, E.M.;
Kubal, M.; et al. The RAST Server: Rapid annotations using subsystems technology. BMC Genom. 2008, 9, 75.
[CrossRef]
21. Carver, T.; Harris, S.R.; Berriman, M.; Parkhill, J.; McQuillan, J.A. Artemis: An integrated platform for
visualization and analysis of high-throughput sequence-based experimental data. Bioinformatics 2012, 28,
464–469. [CrossRef] [PubMed]
22. Page, A.J.; Cummins, C.A.; Hunt, M.; Wong, V.K.; Reuter, S.; Holden, M.T.; Fookes, M.; Falush, D.; Keane, J.A.;
Parkhill, J. Roary: Rapid large-scale prokaryote pan genome analysis. Bioinformatics 2015, 31, 3691–3693.
[CrossRef] [PubMed]
23. Alikhan, N.F.; Petty, N.K.; Ben Zakour, N.L.; Beatson, S.A. BLAST Ring Image Generator (BRIG): Simple
prokaryote genome comparisons. BMC Genom. 2011, 12, 402. [CrossRef]
24. Zankari, E.; Hasman, H.; Cosentino, S.; Vestergaard, M.; Rasmussen, S.; Lund, O.; Aarestrup, F.M.; Larsen, M.V.
Identification of acquired antimicrobial resistance genes. J. Antimicrob. Chemother. 2012, 67, 2640–2644.
[CrossRef] [PubMed]
25. Joensen, K.G.; Scheutz, F.; Lund, O.; Hasman, H.; Kaas, R.S.; Nielsen, E.M.; Aarestrup, F.M. Real-time
whole-genome sequencing for routine typing, surveillance, and outbreak detection of verotoxigenic Escherichia
coli. J. Clin. Microbiol. 2014, 52, 1501–1510. [CrossRef]
26. Carattoli, A.; Zankari, E.; García-Fernández, A.; Voldby Larsen, M.; Lund, O.; Villa, L.; Møller Aarestrup, F.;
Hasman, H. In silico detection and typing of plasmids using PlasmidFinder and plasmid multilocus sequence
typing. Antimicrob. Agents Chemother. 2014, 58, 3895–3903. [CrossRef]
27. Zhou, Y.; Liang, Y.; Lynch, K.H.; Dennis, J.J.; Wishart, D.S. PHAST: A fast phage search tool. Nucleic Acids Res.
2011, 39, W347–W352. [CrossRef]
28. Stamatakis, A.; Ludwig, T.; Meier, H. RAxML-III: A fast program for maximum likelihood-based inference of
large phylogenetic trees. Bioinformatics 2005, 21, 456–463. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
